2004.-We tested the hypothesis that the equilibrium between F-and G-actin in endothelial cells modulates the integrity of the actin cytoskeleton and is important for the maintenance of endothelial barrier functions in vivo and in vitro. We used the actin-depolymerizing agent cytochalasin D and jasplakinolide, an actin filament (F-actin) stabilizing and promoting substance, to modulate the actin cytoskeleton. Low doses of jasplakinolide (0.1 M), which we have previously shown to reduce the permeability-increasing effect of cytochalasin D, had no influence on resting permeability of singleperfused mesenteric microvessels in vivo as well as on monolayer integrity. The F-actin content of cultured endothelial cells remained unchanged. In contrast, higher doses (10 M) of jasplakinolide increased permeability (hydraulic conductivity) to the same extent as cytochalasin D and induced formation of intercellular gaps in cultured myocardial endothelial (MyEnd) cell monolayers. This was accompanied by a 34% increase of F-actin and pronounced disorganization of the actin cytoskeleton in MyEnd cells. Furthermore, we tested whether an increase of cAMP by forskolin and rolipram would prevent the cytochalasin D-induced barrier breakdown. Conditions that increase intracellular cAMP failed to block the cytochalasin D-induced permeability increase in vivo and the reduction of vascular endothelial cadherin-mediated adhesion in vitro. Taken together, these data support the hypothesis that the state of polymerization of the actin cytoskeleton is critical for maintenance of endothelial barrier functions and that both depolymerization by cytochalasin D and hyperpolymerization of actin by jasplakinolide resulted in an increase of microvessel permeability in vivo. However, cAMP, which is known to support endothelial barrier functions, seems to work by mechanisms other than stabilizing F-actin. permeability; actin; jasplakinolide; adenosine 3Ј,5Ј-cylic monophosphate; vascular endothelia cadherin THE AIM OF THE PRESENT EXPERIMENTS was to evaluate the contribution of the state of actin polymerization to the endothelial barrier function in individually perfused mammalian microvessels and endothelial cells in culture. The approach extends previous investigations, using the expertise in our two laboratories, to evaluate the contributions of cell-cell adhesion mechanisms, contractile mechanisms, and actin depolymerization to the regulation of endothelial permeability under different conditions in intact microvessels and in culture (48, 49) . Our studies indicated that contractile forces, although present in the resting endothelium in vivo, do not significantly contribute to increased permeability in response to various stimuli in vivo (3, 49) . In contrast, regulation of intercellular junctions such as the endothelial tight and adherens junction seems to be primarily important for permeability control. Both types of intercellular junctions are linked to the actin cytoskeleton. Therefore, in this study, we focused on the contribution of actin regulation in endothelial barrier control and investigated the effect of actin polymerization and depolymerization on microvessel permeability in vivo and the integrity of endothelial adherens junctions in cultured microvascular myocardial endothelial (MyEnd) cells.
We previously demonstrated that depolymerization of Factin by cytochalasin D increases microvessel hydraulic conductivity (L p ) in vivo and reduces binding of vascular endothelia cadherin (VE-cadherin)-coated microbeads to the surface of cultured endothelial cells (48, 49) . Jasplakinolide, a spongeal toxin from jaspis johnstoni, has been used to investigate the role of actin reorganization in different cellular processes. It binds to pointed ends of actin filaments (F-actin) and thereby inhibits filament depolymerization (50) . Moreover, jasplakinolide favors filament nucleation and polymerization by stabilizing the binding interface between adjacent actin monomers (G-actin) (11, 20, 32) . In single-perfused mesenteric microvessels, jasplakinolide reduced the permeability-increasing effects of cytochalasin D (48, 49) suggesting that jasplakinolide, under these conditions, stabilized F-actin and prevented its depolymerization by cytochalasin D. It is well known that the actin cytoskeleton of endothelial cells consists of at least two morphologically and functionally different systems: the junctionassociated actin filament web and the cytoplasmatic system of stress fibers (16) . These subsets of the actin cytoskeleton are highly dynamic and can be regulated in response to various extracellular stimuli (51) . In this context, members of the Rho family GTPases have been identified as important regulators of actin dynamics (23, 52) .
To test the hypothesis that regulation of the actin cytoskeleton is critical for maintenance of endothelial barrier functions, in this study we used jasplakinolide to promote actin polymerization and to change the equilibrium between G-and F-actin toward F-actin. Our study demonstrates that both depolymerization and hyperpolymerization of F-actin reduces endothelial barrier properties in vivo and in vitro, whereas stabilization of F-actin is protective for barrier function. Because cAMP, well known to protect endothelial barrier functions, has been shown to be involved in the regulation of the endothelial actin cytoskeleton (10, 24, 27, 33, 46) , we also investigated the effects of cAMP on cytochalasin D-induced endothelial barrier breakdown. In our study, increased cAMP did not protect endothelial barrier properties against the action of cytochalasin D. These data support the hypothesis that tight regulation of actin dynamics is required for maintenance of endothelial barrier func-tions. This underlines the role of the actin cytoskeleton as a possible key player in the response to inflammatory stimuli.
MATERIALS AND METHODS
Animal preparation. Rats were kept under conditions that conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, approved by the Institutional Animal Care and Use Committee of the University of California (Davis, CA). Rats (male, Sprague-Dawley, 350 -450 g, Hilltop Laboratory Animals) were anesthetized with pentobarbital sodium (65 mg/kg body wt) given subcutaneously. Anesthesia was maintained by giving additional pentobarbital (3 mg/dose) as needed. At the end of the procedure, rats were killed by pentobarbital overdose. Because we used male rats, our results are not necessarily representative of females.
Preparation of rats for L p measurement. Anesthetized rats were placed on a heating pad to maintain normal body temperature. A midline surgical incision of ϳ1 cm was made in the abdominal wall, and the mesentery was gently taken out and spread over a pillar. The upper surface of the mesentery was continuously superfused with mammalian Ringer solution (37°C). All the experiments were carried out in straight nonbranched segments of venular microvessels, which were typically 25-35 m in diameter. All vessels selected had brisk blood flow and were free of white blood cells.
Measurement of L p of the microvessel wall. Measurements were based on the modified Landis technique, which measures the volume flux of water across the wall of a microvessel perfused via a glass micropipette after occlusion of the vessel. The assumptions and limitations of the measurement have been evaluated in detail (36) . The initial transcapillary water flow per unit area of the capillary wall [(J v/S)0] was measured at predetermined capillary pressures of 30 -60 cmH2O. The volume flux per unit surface area of vessel wall (Jv/S) was estimated during single occlusions, lasting ϳ10 s each, at one constant hydraulic pressure (usually 50 cmH 2O) with the assumption that the net effective pressure determining fluid flow (Peff) was equal to the applied hydraulic pressure minus 3.6 cmH2O, the approximate oncotic pressure contributed by BSA in all perfusates (10 mg/ml). Lp was estimated for each occlusion as (Jv/S)/Peff.. All perfusates were mammalian Ringer solution additionally containing serum albumin at 10 mg/ml (Sigma A-4378). Measurements of (J v/S)0 were made at ϳ10-min intervals for up to 90 min. Jasplakinolide and cytochalasin D as well as forskolin and rolipram were added to the perfusate and delivered via the micropipette continuously as previously described (48) .
Cell culture and test reagents. The immortalized mouse MyEnd cell line was grown in DMEM (Life Technologies; Karlsruhe, Germany) supplemented with 50 U/ml penicillin G, 50 g streptomycin, and 10% FCS (Biochrom; Berlin, Germany) in a humidified atmosphere (95% air-5% CO 2) at 37°C. Generation and characterization have been described before (21, 48) . The cultures were used for experiments when grown to confluent monolayers (from day 3 to day 7). Jasplakinolide (Calbiochem) was used at 10 and 0.1 M. Cytochalasin D (Sigma) at 10 M. Forskolin and rolipram (both from Sigma) were used at 5 and 10 M, respectively.
Cytochemistry. MyEnd cells were grown on coverslips coated with gelatin cross-linked with glutaraldehyde (42) . After incubation with jasplakinolide, culture medium was removed, and monolayers were fixed for 10 min at room temperature (RT) with 2% formaldehyde (freshly prepared from paraformaldehyde) in PBS (consisting of 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2HPO4, and 1.5 mM KH2PO4; pH 7.4). Afterward, monolayers were treated with 0.1% Triton X-100 in PBS for 5 min. After being rinsed with PBS at RT, MyEnd cells were preincubated for 30 min with 10% normal goat serum (NGS) and 1% BSA at RT and incubated for 16 h at 4°C with rat monoclonal antibody 11D4.1 (undiluted hybridoma supernatant) directed to the ectodomain of mouse VE-cadherin (22) or a mouse monoclonal IgM directed against actin (Amersham; Braunschweig, Germany). The monoclonal actin antibody selectively labeled the junction-associated actin filament web. Stress fibers were not labeled by this antibody, which may be due to some kind of steric hindrance of binding. In previous studies, we have shown that this antibody reacts with all three actin isoforms (absorption studies, immunoblotting). After several rinses with PBS (3 ϫ 5 min), monolayers were incubated for 60 min at RT with Cy3-labeled goat anti-rat IgG or Cy3-labeled goat anti-mouse IgG, respectively (both Dianova; Hamburg, Germany; diluted 1:600 in PBS). For visualization of F-actin, some monolayers were incubated with ALEXA-phalloidin (Mobitec; Göttingen, Germany; diluted 1:60 in PBS, 1 h at RT). ALEXA-phalloidin caused bright labeling of stress fibers as well as of the junction-associated belt of actin. The latter structure was less intensively stained and partly covered by stress fibers running parallel to the cell borders. Cells incubated with antibodies or ALEXA-phalloidin were rinsed with PBS (3 ϫ 5 min). Coverslips were mounted on glass slides with 60% glycerol in PBS containing 1.5% n-propyl gallate (Serva; Heidelberg, Germany) as antifading compound.
Transfection of MyEnd cells. Cells were transfected with pEGFPactin vector (Clontech; Palo Alto, CA) 1 day after being plated in 6-well dishes (Greiner; Frickenhausen, Germany) using effectene transfection reagent (Quiagen; Hilden, Germany). Twenty-four hours later, cells were treated with jasplakinolide and assessed by immunostaining.
Quantification of F-actin content by Triton-soluble/insoluble extraction.
MyEnd cells were incubated with jasplakinolide (0.1 and 10 M) for 60 min. After being rinsed briefly with PBS, cells were incubated in extraction buffer [50 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.8), 25 mM EGTA, 5 mM MgCl2, and 0.5% Triton X-100] containing protease inhibitor solution (leupetin, pepstatin, and aprotinin at 20 g/ml each, Sigma) for 5 min at 37°C. The extraction buffer was then collected and defined as the Triton-soluble fraction. Cells were then removed from the culture dish using a rubber policeman and dissolved immediately in 10% SDS-containing sample buffer at 95°C for 5 min. This was defined the Triton-insoluble fraction (53) . Afterward, samples were subjected to SDS-PAGE and subsequent Western blotting and immunodetection with a mouse monoclonal IgM directed against actin (Amersham; Braunschweig, Germany) using horseradish peroxidase-labeled goat anti-mouse IgG (Dianova; Hamburg, Germany) and the enhanced chemilumeniscence technique (ECL, Amersham). Densitometry was performed by transillumination scanning (Arcus II, Agfa; Mortsel, Belgium) of Western blots, followed by grayscale analysis using Adobe Photoshop 7.0 (Adobe Systems; San Jose, CA).
Quantification of F-actin by phalloidin-binding assay. MyEnd monolayers (untreated or treated with various substances) were fixed at RT with 3% formaldehyde in PBS, rinsed in PBS briefly, and permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 5 min. Each coverslip was then incubated for 1 h at 37°C with 500 l (1 g/ml) phalloidin covalently labeled with tetramethyl-rhodamine isothiocyanate (TRITC). These conditions have been shown to allow complete saturation of binding to cellular F-actin (18, 19) . Cells were washed 3 ϫ 1 min in PBS to remove unbound TRITC-phalloidin. TRITC-phalloidin was extracted from cells by two incubation steps for 1 h each with 1 ml methanol at 37°C. For control of complete extraction of TRITC-phalloidin, coverslips were routinely screened by fluorescence microscopy. Methanol supernatants were pooled, centrifuged at 100,000 g for 20 min, and quantified in a fluorescence spectrometer at an excitation wavelength of 540 nm and an emission wavelength of 563 nm.
Recombinant VE-cadherin-Fc. As described before, we used the VE-cadherin-Fc fusion protein consisting of the complete extracellular domain of mouse VE-cadherin (EC1-EC5) fused to the Fc portion of human IgG1, including the hinge region and Ig domains CH2 and CH3 (8, 22) . The protein was expressed by stably transfected Chinese hamster ovary (CHO) cells and purified from culture supernatants by affinity chromatography using protein A agarose (Oncogene; Cambridge, MA).
Coating of polystyrene beads. After being vortexed, a 10-l solution of protein A-coated superparamagnetic polystyrene microbeads (diameter 2.8 m, Dynabeads; Dynal, Oslo) containing 2 ϫ 10 9 beads/ml were washed three times using 100 l of buffer A (100 mM sodium phosphate buffer; pH 8.1). Washing was performed by immobilization of beads for 1 min in a magnetic tube holder (MPC-E-1, Dynal) and reuptake in the corresponding buffer. Washed beads were suspended in 100 l of 100 mM sodium phosphate buffer (pH 8.1) in Hanks' balanced salt solution (HBSS; GIBCO; Karlsruhe, Germany) containing 10 g of either VE-cadherin-Fc or the Fc part of human IgG (for control experiments) and allowed to react for 16 h at 4°C under permanent slow overhead rotation to avoid aggregation. After being washed 3 ϫ 5 min in 100 l of buffer A and 3 ϫ 5 min in buffer B (100 mM sodium borate; pH 9.0), beads were incubated for 45 min at RT in 100 l of buffer B containing 0.54 mg dimethylpimelimidate dihydrochloride (DMP; Pierce; Rockford, IL) to covalently crosslink protein A and bound Fc parts. After being washed 2 ϫ 5 min in buffer C (100 l of 0.2 M ethanolamine; pH 8.0), beads were incubated in buffer C for 2 h at RT. Finally, beads were washed 3 ϫ 5 min in HBSS and stored in HBSS at 4°C for up to 8 days under permanent slow overhead rotation to avoid aggregation of beads. The concentration of beads in these stocks was ϳ1.6 ϫ 10 8 beads/ ml. Laser tweezer. As described previously (9), the home-built laser tweezer setup consisted of a Nd:Yag laser (1,064 nm), the beam of which was expanded to fill the back aperture of a high-numerical aperture objective (ϫ100, 1.3 oil, Zeiss), coupled through the epiillumination port of an Axiovert 135 microscope (Zeiss; Oberkochen, Germany) and reflected to the objective by a dicroic mirror (FT 510, Zeiss). Through all experiments, the laser intensity was 42 mW in the focal plane. Coated beads (10 l of stock solution) were suspended in 500 l of culture medium and allowed to interact with MyEnd monolayers for 30 min at 37°C before the initiation of experiments (addition of lethal toxin alone or together with forskolin and rolipram). Beads were considered tightly bound when they resisted laser displacement at the 42-mW setting. For every condition, 100 beads were counted. The percentage of beads resisting laser displacement under various experimental conditions was normalized to control values.
Statistics. Values are expressed as means Ϯ SE. Baseline L p distributions are non-Gaussian in both frog mesentery capillaries and rat mesentery venules (28, 37) . Therefore, we used the nonparametric Mann-Whitney statistic to test for differences in L p between groups. Possible differences in bead binding and actin content between groups were assessed using the unpaired Student's t-test. Statistical significance was assumed for P Ͻ 0.05.
RESULTS
Effects of jasplakinolide on microvessel L p are dose dependent. When individual rat venular microvessels were perfused with the F-actin-promoting drug jasplakinolide at a low dose (0.1 M), L p did not significantly change during 80 min of perfusion and was 3.3 Ϯ 2.3 ϫ 10 Ϫ7 cm⅐s Ϫ1 ⅐cmH 2 O Ϫ1 after 30 min compared with a control value of 2.1 Ϯ 1.0 ϫ 10
In two experiments, measurements were carried out for 110 min without any change of L p (not shown). In contrast, when jasplakinolide was applied at 10 M, L p rose from 1.06 Ϯ 0.2 ϫ 10 Ϫ7 to 99.6 Ϯ 29.9 ϫ 10 Ϫ7 cm⅐s Ϫ1 ⅐cmH 2 O Ϫ1 after 30 min (n ϭ 5; Fig. 1A ). This effect was comparable to the effect of the actin-depolymerizing agent cytochalasin D (Fig. 1B) Jasplakinolide induced intercellular gap formation in cultured endothelial monolayers in dose-dependent manner. To test the dose-dependent effects of jasplakinolide on endothelial monolayer integrity, cultured mouse microvascular MyEnd cells were treated with jasplakinolide and immunostained for VE-cadherin and actin (n ϭ 9). Endothelial cells in control monolayers displayed a continuous beltlike immunolabeling of VE-cadherin ( Fig. 2A) . Immunostaining for actin resulted in a similar beltlike pattern (Fig. 2C) . In addition (see MATERIALS AND METHODS), ALEXA-phalloidin visualized numerous stress fibers throughout the cytoplasm (Fig. 2B ). After treatment with jasplakinolide (0.1 M, 60 min), the immunostaining for VE-cadherin and the junction-associated belt of actin were not affected (Fig. 2, D and F) . However, ALEXA-phalloidin staining of both the junctional belt and stress fibers was strongly reduced due to competitive binding of jasplakinolide to Factin, which blocks the binding sites for phalloidin (Fig. 2E)  (11) . When jasplakinolide was applied at 10 M, ALEXAphalloidin staining was completely abolished, suggesting al- most total saturation of jasplakinolide binding sites on F-actin (Fig. 2H) . Although the total contents of F-actin had increased under these conditions (see below), the junction-associated VE-cadherin and actin became locally interrupted. Additionally, intercellular gaps were found at sites where either immunostaining for actin or VE-cadherin were interrupted (Fig. 2, G  and I, arrows) . These experiments indicate that hyperpolymerization of actin by treatment with 10 M jasplakinolide results in local loss of actin from the junctional belt and redistribution of actin to other cellular sites (see below).
Jasplakinolide-induced intercellular gaps appear at sites where the junction-associated actin system is fragmented. As outlined above, visualization of changes in the morphology of the actin cytoskeleton induced by jasplakinolide was hampered by the fact that jasplakinolide competitively binds to F-actin at the same binding sites as ALEXA-phalloidin and thereby ALEXA-phalloidin staining was abolished by treatment with high-dose jasplakinolide (Fig. 2H) . Moreover, the monoclonal actin antibody did not label stress fibers and thus did not allow staining of all subsets of actin filaments. To use a different approach that was independent of labeling efficiency to visualize the effects of jasplakinolide on the actin cytoskeleton, we transfected MyEnd cells with enhanced green fluorescent protein (EGFP)-actin. However, transfection efficiency of endothelial cells is not as good as known from other cell types, and thus only some cell groups can be evaluated. These groups are indicated by the green color of EGFP-actin and are surrounded by nontransfected cells that are either not visible (Fig. 3, A-D) or only revealed by VE-cadherin staining (for example, a large cell group in the bottom left corner of Fig. 3F ). However, only confluent monolayers were used for the jasplakinolide challenge. Controls displayed diffuse fluorescence of the cytoplasm, most probably reflecting the distribution of G-actin (Fig. 3, A and B) . Low-dose jasplakinolide (0.1 M) did not change this pattern of EGFP-actin distribution (not shown). However, treatment with high-dose jasplakinolide (10 M) resulted in the formation of strongly fluorescent aggregates of actin throughout the cell body. The junction-associated actin filament system became locally interrupted (arrows in Fig. 3 , C and D), whereas it was well preserved in other localizations (arrowheads in Fig. 3D ). In addition, the diffuse EGFP-actin fluorescence of the cytoplasm was strongly reduced, possibly reflecting the decrease of G-actin induced by jasplakinolide (see below). Intercellular gaps mostly were found at sites where the VE-cadherin immunostaining and the junction-associated actin belt were fragmented (compare localization of arrows in Fig. 3, C and E as well as D and F) , whereas distribution of VE-cadherin was continuous where the junc- tional actin belt was well preserved (compare arrowheads in Fig. 3, D and F) . It has to be emphasized that because of transfection efficiency, no quantitative but only qualitative information can be obtained from the presented data.
Effect of jasplakinolide on F-actin content in MyEnd cells was dose dependent.
To test whether the jasplakinolide-induced disorganization of the actin filament system correlated to changes of the ratio of F-actin and G-actin, we performed Triton X-100 extractions of MyEnd cells after treatment with jasplakinolide. The phalloidin-binding assay that we used to measure F-actin content in response to cytochalasin D in this study (see below) and previous studies (48) could not be applied after treatment with jasplakinolide due to competitive binding of phalloidin and jasplakinolide for same binding sites on actin filaments. Therefore, relative amounts of actin in Triton-resistant (F-actin) and Triton-soluble (G-actin) fractions were assayed by immunoblotting (29) . Figure 4 shows a representative experiment of three total experiments. Low-dose jasplakinolide (0.1 M) had no effect on the Triton solubility in both fractions (Fig. 4A) . In controls (lanes 1 and 3) as well as in cells treated with the low dose of jasplakinolide (lanes 2 and 4), actin was found in the Triton-soluble and Tritoninsoluble fractions, indicating that actin was present as both monomeric (G-actin) and F-actin, respectively. In contrast, high-dose jasplakinolide (10 M) strongly reduced actin in the Triton-soluble fraction by ϳ96% compared with control levels and increased actin in the Triton-resistant fraction by 34%, suggesting that under these conditions almost all actin is present as F-actin (Fig. 4B) .
cAMP did not block the effect of cytochalsin D on microvessel L p in vivo and gap formation in vitro.
Our study demonstrates that maintenance of endothelial barrier functions depends on the integrity of the actin filament system. Because previous studies have reported that cAMP, which is well known to protect endothelial barrier functions, also is involved in the regulation of the endothelial actin cytoskeleton (10, 24, 27, 33, 46) , we investigated the effect of cAMP on cytochalasin D-induced endothelial barrier breakdown. As shown above in mesenteric microvessels perfused with cytochalasin D (10 M), L p drastically increased during the first 30 min of perfusion (Fig. 1B) . Increased cAMP by forskolin (5 M) and rolipram (10 M) did not significantly reduce the cytochalasin (Fig. 6C) . Also, profound alterations of the actin filament system became visible. Incubation with cytochalasin D resulted in complete loss of stress fibers as well as fragmentations (arrows) of the junction-associated actin filament system (Fig. 6D ) compared with control MyEnd cells (Fig. 6B) . Forskolin (5 M) and rolipram (10 M) neither blocked cytochalasin D-induced gap formation nor reorganization and displacement of VE-cadherin and F-actin (arrows in Fig. 6, E  and F) . Similarly, forskolin and rolipram did not block gap formation induced by jasplakinolide (not shown). These experiments also indicate that in vitro cAMP is not protecting endothelial barrier properties by stabilizing F-actin against cytochalasin D-induced depolymerization.
In contrast to cAMP, jasplakinolide increased VE-cadherinmediated adhesion by stabilizing F-actin. Our previous studies demonstrated that jasplakinolide, when applied at low doses (0.1 M), stabilized F-actin because it blocked the effect of the actin-depolymerizing drug cytochalasin D on microvessel L p as well as on adhesion of VE-cadherin-coated microbeads. To see whether increased cAMP enhances endothelial barrier function by regulating VE-cadherin-mediated adhesion via comparable mechanisms as low doses (0.1 M) of jasplakinolide, we carried out laser tweezer studies using VE-cadherin-coated microbeads (Fig. 7) . Beads were allowed to settle on the surface of MyEnd cells for 30 min to induce formation of cell-to-bead contacts (9, 49). Beads resisting displacement by laser beam were counted as bound (control value). As shown previously, depolymerization of F-actin by cytochalasin D (10 M, 60 min) resulted in significant reduction of bead binding to 48 Ϯ 1% (n ϭ 5). As demonstrated previously, low-dose jasplakinolide (0.1 M) prevented the cytochalasin D-induced L p increase (49) by stabilization of F-actin without increasing the overall cellular F-actin content (Fig. 4A) . Under the same conditions, VE-cadherin-mediated adhesion was increased to 139 Ϯ 6% of control levels after treatment with jasplakinolide (0.1 M, 60 min, n ϭ 5). When cytochalasin D was applied in the presence of jasplakinolide, the cytochalasin D-induced loss of bead binding was completely abolished (130 Ϯ 4% bound beads, n ϭ 5). These results again indicate that stabilization of F-actin is sufficient to enhance VE-cadherin-mediated adhesion.
Increasing intracellular cAMP by forskolin (5 M) and rolipram (10 M) had no effect on number of bound beads and did not block the cytochalasin D-induced reduction of bead binding because the number of bound beads dropped to 41 Ϯ 5% of controls (n ϭ 5 in both groups). These data suggest that cAMP does enhance endothelial barrier functions by neither stabilizing F-actin nor direct regulation of VE-cadherin-mediated adhesion.
DISCUSSION

Organization of the actin cytoskeleton is critical for maintenance of endothelial barrier properties.
Our study demonstrates that maintenance of endothelial barrier properties depends critically on an undisturbed equilibrium between G-actin and F-actin. Both depolymerization of actin by cytochalasin D and hyperpolymerization of actin by high-dose jasplakinolide increased microvascular permeability in vivo. In contrast, lowdose jasplakinolide under conditions where no change in Factin content was detectable increased VE-cadherin-mediated adhesion and antagonized the effect of actin depolymerization on vascular permeability. On the other hand, elevated cAMP did not prevent barrier breakdown by cytochalasin D and thus was found not to enhance barrier functions by stabilization of lanes 1 and 2) and Triton-resistant (res., lanes 3 and 4) fractions of actin from MyEnd cells after treatment with low-dose (0.1 M; A) or high-dose (10 M; B) jasplakinolide. Low doses of jasplakinolide had no effect on the relative amount of actin in the Triton-soluble (G-actin) and Triton-resistant (F-actin) fractions. High-dose jasplakinolide reduced actin in the soluble fraction and increased actin in the resistant fraction, indicating increased actin polimerization (n ϭ 3). F-actin. In the following, we will first explain the rationale to study the actin cytoskeleton as an important actuator of endothelial barrier function and then focus on the role of the actin filament system in endothelial barrier regulation in vivo and in vitro.
As early as 1961, the permeability increase in response to inflammatory mediators was shown to be caused by the formation of paracellular gaps between endothelial cells (34, 35) . However, the mechanisms that actually cause formation of intercellular gaps and increase permeability in vivo are not completely understood. This is in part due to the problem that large intercellular gaps, as seen between cultured endothelium after treatment with various stimuli, are not necessarily representative of the gaps that may be responsible for measurable permeability increases in vivo (49) . An important role of both myosin-dependent contraction (44) and proteins that regulate contraction, such as the Rho family (4, 52) , in the regulation of cultured endothelial barrier functions has been favored in the past. However, recent studies using rat mesenteric microvessels indicate that myosin-dependent contraction is not needed to increase permeability in response to various stimuli (3, 48) and favor the hypothesis that contractile forces might be increased under cell culture conditions (15) . Indeed, it has been demonstrated that passive recoil without additional contractile forces are sufficient for endothelial gap formation (6) . However, it is reasonable that reorganizations of the cortical actin system would affect the integrity of intercellular junctions because both adherens and tight junctions are linked to actin filaments (45) . Although the tight junction is the main permeability limiting structure, the adherens junction provides the mechanical strength to intercellular adhesion (14) . Molecular characterization of binding properties of VE-cadherin revealed an extremely low affinity and lifetime of single cadherin bonds (8) necessitating tight anchorage of cadherins to the cytoskeleton to reduce lateral mobility and increase local concentration in the plane of the lipid bilayer thereby increasing number of bonds and improving binding strength (7) .
Our results demonstrate that actin hyperpolymerization by jasplakinolide increases microvascular permeability to extents comparable to those due to depolymerization of F-actin induced by cytochalasin D. On the other hand, low-dose jasplakinolide at least partially blocked the cytochalasin D-induced L p increase, suggesting that jasplakinolide stabilized actin filaments under these conditions and protected them against depolymerization (49) . However, treatment with lowdose jasplakinolide alone did not reduce baseline L p , indicating that, in the resting microvessel endothelium, depolymerization and repolymerization of actin are in an equilibrated state. Taken together, these results indicate that both increased actin polymerization and depolymerization interfere with endothelial barrier functions in vivo, whereas stabilization of F-actin without favoring polymerization seems to be protective for endothelial barrier functions, at least over the short period of time covered by our experiments. These data are consitent with previous studies using drugs that at least in part seemed to increase microvascular permeability by affecting the actin cytoskeleton. A-23187, a calcium ionophore that increases cytoplasmic calcium levels, induced interendothelial gaps and increased microvessel permeability in rats and frogs (39) . Recent studies pointed to the possibility that A-23187 reduces endothelial barrier functions by calcium-induced actin depolymerization (9, 30) . Moreover, Clostridium botulinum C 2 toxin has been shown to induce lung edema in rabbit lungs by ADP-ribosylation of G-actin (17) . These studies suggest an important role of actin filament regulation in endothelial barrier functions in vivo.
In cultured endothelial cells, our results demonstrate that both actin depolymerization and hyperpolymerization lead to formation of large intercellular gaps. This is indicated by the formation of intercellular gaps (Figs. 2, 3 , and 6) under conditions where the amount of F-actin was either decreased by cytochalasin D or increased after treatment with jasplakinolide (10 M). Additionally, these images suggest that gaps coincided with sites where the junction-associated actin system was disrupted, further conforming to the concept that actin filaments are important for stabilizing intercellular junctions. VEcadherin was also lacking at these sites suggesting that an intact actin filament system might be important for stabilizing VE-cadherin at intercellular junctions. However, no quantitative results can be obtained from these observations. This view that actin is required for stabilizing VE-cadherin-containing contacts was further supported by our previous studies using the laser tweezer, which showed a significant reduction of VE-cadherin-mediated adhesion in response to cytochalasin Dor A-23187-induced depolymerization of actin (9) . In contrast, low-dose jasplakinolide, which had no effect on monolayer morphology or F-actin content in cultured endothelial cells, significantly increased VE-cadherin-mediated adhesion. These results conform to earlier studies that reported that stabilizing F-actin by phalloidin and related toxins enhanced endothelial barrier functions in vitro (5, 40) . Taken together, these studies indicate that actin filaments are required for maintenance of endothelial barrier functions possibly by forming a scaffold for anchorage of intercellular junctional proteins and support the hypothesis that control of VE-cadherin-mediated adhesion is involved in endothelial barrier regulation. However, it has to be emphasized that the mechanisms contributing to the formation of large intercellular gaps in vitro do not necessarily reflect the underlying mechanisms of increased permeability in vivo. Therefore, further parallel studies investigating microvascular endothelium in vivo and in vitro are required to determine the mechanisms that are involved in endothelial barrier regulation in both systems.
cAMP does not enhance endothelial barrier functions by stabilizing F-actin. Our study strengthened the view that a well-balanced regulation of the actin filament system is required for endothelial barrier function and emphasizes the important role of the actin cytoskeleton as one possible actuator in the permeability response to inflammatory mediators. It is well established that cAMP enhances endothelial barrier functions in vivo and in vitro (1-3, 12, 13, 25, 26, 31, 38, 43, 44) . Several mechanisms such as reduction of myosin light chain phosphorylation (54), regulation of vasodilator-stimulated phosphoprotein (13) , and inhibition of Rho A (41) have been reported to be involved in endothelial barrier regulation by cAMP. Moreover, it has been reported that cAMP participates in the regulation of the actin cytoskeleton, suggesting that these mechanisms might play a role in the cAMP-mediated maintenance of endothelial barrier function (10, 24, 27, 33, 46) . However, the studies have all been performed using cultured endothelial cells mainly derived from macrovascular vessels. Thus the relevant mechanisms involved in cAMPdependent endothelial barrier regulation in microvessels remain unclear. Previous studies from our lab demonstrated that myosin-dependent contraction is not primarily important for endothelial barrier regulation in vivo and indicated that cAMP is involved in tight junction regulation (1) (2) (3) 48) . In the present study, we focused on the actin cytoskeleton to find out whether cAMP would stabilize F-actin by comparable mechanisms as Fig. 7 . Jasplakinolide blocked the cytochalasin D-induced reduction of VEcadherin-coated bead binding, whereas cAMP had no effect. VE-cadherincoated beads were allowed to settle on the surface of MyEnd cells for 30 min. Beads resisting displacement by laser beam were counted as bound (control). Jasplakinolide completely blocked the cytochalasin D-induced reduction of bead adhesion, whereas forskolin (5 M) and rolipram (10 M) had no effect.
jasplakinolide. In contrast to jasplakinolide, cAMP neither prevented the cytochalasin D-induced permeability increase in vivo nor prevented intercellular gap formation and the reduction of VE-cadherin-mediated adhesion in vitro. Moreover, increased cAMP did not significantly affect the content of F-actin in cultured endothelial cells. These results do not support the hypothesis that cAMP stabilizes F-actin in microvascular endothelium in vivo and in vitro. However, we cannot exclude the possibility that cytochalasin D does not act via the same mechanisms as intracellular actin regulating proteins even though it binds to the barbed ends like is typical for other capping proteins (47) . Moreover, it is possible that cAMP would modulate the effect of a less powerful mediator than cytochalasin D. In a parallel study, we found that cAMP regulates the GTPase Rac-1 and thus more likely mediates its barrier-promoting effects at the level of signaling events that control the linkage of adhesion molecules to the actin cytoskeleton. Future studies will have to elucidate mechanisms involved in the regulation of actin dynamics and in the regulation of endothelial adhesion proteins in response to inflammatory mediators.
